Runoff and soil moisture are two key components of the global hydrologic cycle 18 that should be validated at local to global scales in Earth System Models (ESMs) 19 used for climate projection. We have evaluated the runoff and surface soil 20 moisture output by the Community Climate System Model (CCSM) along with 8 21 other models from the Coupled Model Intercomparison Project (CMIP5) 22 repository using satellite soil moisture observations and stream gauge corrected 23 runoff products. A series of Community Land Model (CLM) runs forced by 24 reanalysis and coupled model outputs was also performed to identify 25 atmospheric drivers of biases and uncertainties in the CCSM. Results indicate 26 that surface soil moisture simulations tend to be positively biased in high latitude 27 areas by most selected CMIP5 models except CCSM, FGOALS, and BCC, which 28 share similar land surface model code. With the exception of GISS, runoff 29 simulations by all selected CMIP5 models were overestimated in mountain 30 ranges and in most of the Arctic region. In general, positive biases in CCSM soil 31 moisture and runoff due to precipitation input error were offset by negative biases 32 induced by temperature input error. Excluding the impact from atmosphere 33 modeling, the global mean of seasonal surface moisture oscillation was out of 34 phase compared to observations in many years during 1985-2004. The CLM also 35 underestimated runoff in the Amazon, central Africa, and south Asia, where soils 36 2
• We proposed modifications to improve hydrologic simulations in CLM The CCSM version 4.0 (CCSM4) is a coupled climate model for simulating the In CLM4, soil moisture dynamics is controlled by infiltration, runoff (surface and 152 subsurface), gradient diffusion, gravity, and root extraction in a ten-layer model 153 (3.8 m) plus an underlying five-layer aquifer (5 m). The runoff is parameterized as 154 exponential functions of groundwater level [Oleson et al., 2010] . The model has 155 been calibrated and validated against major river discharge and terrestrial water 156 storage observations [Oleson et al., 2008] . Using uncertainty quantification 157 framework, Huang et al. [2013] found that subsurface runoff generation and soil We included eight other models from the CMIP5 repository in our comparison 164 with observations: HadCM3, MIROC5, GFDL-CM3, CSIRO-Mk3, BCC-csm1, 165 MRI-ESM1, FGOALS-g2, and GISS-E2-R. The models were selected to meet 166 two criteria: they must have both runoff and surface soil moisture monthly outputs the microwave signal ranges from 2 to 5 cm depending on the type of sensor and 198 soil condition . We use Volumetric Water Content (VWC, vol vol -1 ) 199 as the basis for our comparisons. validation of the microwave satellite data have been conducted at regional and 206 continental scales against in-situ observations [Albergel et al., 2012; Brocca et al., 207 2011; Gruhier et al., 2010; Loew et al., 2013] . In general the satellite product 208 accurately reproduces the seasonal cycle as well as short-term variability. The runoff dataset has more complete global coverage than the soil moisture 
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The GPCC full data reanalysis version 6.0 comprises globally gridded gauge-249 analysis precipitation products over land areas derived from quality controlled 250 station data [Becker et al., 2013] . The monthly precipitation data were used to 251 normalize the runoff discrepancies between CMIP5 models and observations. 252
Offline experiments to assess sources of error 253
We extracted climate variables from the MOAR run to construct the forcings for 254 offline CLM4 runs. The MOAR climate variables are available in 3-hourly, 6-255 hourly, and monthly time steps. All our processing was based on 3-hourly data.
256
The standard climate forcings for a CLM4 historical run with satellite phenology 257 include three NetCDF files: 3-hourly solar radiation, 6-hourly precipitation 258 (converted by averaging from 3-hourly), and 3-hourly surface temperature, 259 specific humidity, pressure, wind speed. The MOAR climate variables were 260 combined with Qian's reanalysis data [Qian et al., 2006 ] to construct offline runs 261 with four sources of climate forcings (Table 1) : [1999] has demonstrated that surface soil moisture can act as a predictor of 326 deeper soil profile, the surface soil is inherently drier than the underlying layers at (Figure 6b and c) . Furthermore, the soil 526 moisture and runoff in the MOAR_PRECIP simulation are greater than in the 527 MOAR simulation (Figures 5a and c, and 6a and c) . The MOAR_TEMP 528 simulation shows that modeled temperature and humidity reduced the surface 529 moisture and runoff with respect to the QIAN simulation (Figures 5b and d, and   530 6b and d). The runoff bias maps in particular show the distinct contrast between 531 runs driven by modeled precipitation and temperature (Figure 6c and d 
